Electrochemical capacitors, also known as supercapacitors, are energy storage devices that fill the gap between batteries and dielectric capacitors. Thanks to their unique features, they have a key role to play in energy storage and harvesting, acting as a complement to or even a replacement of batteries which has already been achieved in various applications. One of the challenges in the supercapacitor area is to increase their energy density. Some recent discoveries regarding ion adsorption in microporous carbon exhibiting pores in the nanometre range can help in designing the next generation of high-energy-density supercapacitors.
Introduction
Batteries, electrochemical capacitors (ECs) and capacitors are the three main electrochemical systems that can be used to store energy (fuel cells being considered energy conversion systems). As described in the Ragone plot presented in figure 1, each of these systems offers different characteristics in terms of specific power and energy. From a general point of view, batteries, such as Liion batteries, can have high energy densities (up to 180 Wh kg −1 ) with low power densities (up to 1 kW kg −1 ). ECs, also called supercapacitors, can deliver very high power density (15 kW kg −1 ) with a lower stored energy than batteries (5 Wh kg −1 ; Conway 1999). These characteristics originate from the way the energy is stored in the batteries and supercapacitors. Accordingly, supercapacitors are particularly appropriate for applications where high power is needed for a few seconds (Miller & Burke 2008; Simon & Burke 2008; . They can also be seen as a complement to Li-ion batteries in applications where both high energy (Li-ion batteries) and high power delivery/uptake (supercapacitors) have to be achieved. 
Electrical double layer capacitors (a) Charge storage mechanism
EC is a generic name used to describe various systems that can use different active materials (carbon, oxides or conducting polymers). Here, we will discuss only ECs using carbon as the active electrode material that are used today in the majority of commercialized systems (about 95%). These ECs are also called electrical double layer capacitors (EDLCs; Conway 1999). They store energy at the electrolyte-carbon interface through reversible ion adsorption onto the carbon surface, thus charging the so-called 'double-layer capacitance'. This double-layer capacitance, firstly defined by Helmholtz (1879) and later refined by Gouy & Chapman and Stern & Geary, is schematically shown in figure 2a . This is the main differentiation from batteries, since no redox reaction is involved in the charge storage mechanism and the charge is stored only on the surface of the carbon. The capacitance can be described according to
where 3 is the electrolyte dielectric constant, A the surface area accessible to ions and d the distance between the centre of the ion and the carbon surface. Double-layer capacitance for carbon materials in liquid electrolytes is in the range of 5 to 20 mF cm −2 , depending on the electrolyte. To increase the charge stored, it is necessary to increase the carbon surface area; this is achieved using different carbon precursors as well as different synthesis techniques. Surface area is generally increased by the development of porosity in the bulk of carbon materials, leading to a porous network inside the carbon particle (figure 2b). Unfortunately, there is no simple linear relationship between the surface area and the capacitance (Barbieri et al. 2005) . Indeed, more than the total porous volume, it is the way this porosity is created-i.e. the control of the pore size as well as the pore size distribution (PSD)-that has a great impact on the carbon capacitance ). This will be discussed in §4. Activated carbon (AC) specific capacitance ranges from 100 to 200 F g −1 in aqueous medium and from 80 to 100 F g −1 in organic medium (Pandolfo & Hollenkamp 2006) . The very large majority of the supercapacitors commercialized today use organic electrolytes based on fluorinated salts dissolved in carbonate-or acetonitrile (AN)-based solvents; note that the use of AN might be limited in some specific applications because of the low flash point (2 • C). In these electrolytes, the operating voltage of a single carbon-carbon cell reaches 2.5 V.
(b) Key features
Charge storage is achieved at the surface of the carbon-active material, unlike in batteries where the charge is stored in the bulk of the material (in the chemical bonds) through electrochemical redox reactions. This surface storage first explains the low energy density (typically 5 Wh kg −1 ) of the supercapacitors when compared with Li-ion cells (typically 150 Wh kg −1 ). However, this storage mechanism also allows a very fast delivery of the stored charge. Thus, supercapacitor devices can deliver all the stored energy in a short time, about 5 s; this process is fully reversible and energy update can be achieved within the same time period .
Cyclability (or cycling stability) of supercapacitors is not limited by active material volume change between the charged and the discharged states (and associated ageing) such as in batteries. Being an electrostatic charge storage mechanism, the faradic efficiency (discharge time per charge time at the same current) is close to 100 per cent, which is higher than that of batteries. According to supplier data sheets, supercapacitor cyclability is quasi-infinite, and Maxwell claims more than 500 000 cycles for its products with less than 20 per cent decrease of capacitance and less than 100 per cent increase of resistance (Bootscap 2009) .
The low temperature behaviour of supercapacitors is different from that of batteries since there is no limitation in the choice of solvent, as no carbonate is needed (Miller & Burke 2008; . Using AN as a solvent guarantees an operation at temperatures down to −40
• C although with degraded performances. Maximum temperature is in the same range as that of batteries, i.e. +70
• C. This limitation is a result of electrolyte decomposition onto the high-surface-area carbon electrodes as well as of carbon oxidation.
Applications of electrical double layer capacitors
ECs are used when there is a high power demand, not only for power buffer and power saving units, but also for energy recovery (Kotz & Carlen 2000; Miller & Burke 2008; Simon & Burke 2008; . Small devices (a few farads) are widely used for power buffer applications or for memory back-up in toys, cameras, video recorders, mobile phones, and so forth. Cordless tools such as screwdrivers and electric cutters using EDLCs are already available in the market (Miller & Burke 2008) . A recent application that has been achieved is the emergency door opening of the Airbus A380 jumbo jet. Each of the 16 doors is powered by a 35 V/28.5 F supercapacitor module designed from series-parallel 100 F cells (Maxwell company). This application is obviously a niche market, but it is a demonstration that the EDLC technology is mature in terms of performance, reliability and safety. The Nippon Chemi-Con company has equipped several harbour cranes in Japan with a large 7 MJ supercapacitor module for energy harvesting (Miller & Simon 2008) . It is constituted of 523 series-parallel connected 2.3 V/3000 F cells, combined with a standard diesel engine. During container loading operations, the supercapacitor module delivers power to assist the diesel engine. During downloading operations, the supercapacitor module is charged back. Up to 7600 forty-foot containers with mass up to 40 tonnes can be lifted up and down. The ship load can be up to 157 000 tonnes. This load can fill 35 hundred-car trains. Fuel consumption decrease of 38 per cent has been obtained using such combination and CO 2 emissions have been reduced by 25 per cent (Miller & Simon 2008 ).
The transportation market will be a major target of EDLC manufacturers in the coming years, including hybrid electric vehicles, metro trains and tramways. Supercapacitors are already used in tramways and buses (Furubayashi et al. 2001; Bombardier 2008) . In a standard tramway line, when a tram brakes, there is no way to recover the braking energy except if one tram needs to accelerate at the same time. The Mitrac system (Bombardier 2008) , designed by Maxwell, enables time-shifted delivery of the braking energy for tramway re-acceleration, thus recovering the braking energy. This system has been in operation in Manheim in Germany since 2003, achieving 30 per cent energy saving.
For automotive applications, manufacturers are already proposing solutions for electrical power steering, where ECs are used for load levelling in stop-and-go traffic (Faggioli et al. 1999) . The general trend is to increase the hybridization degree of the engines in hybrid electric vehicles, to allow fast acceleration (boost) and braking energy recovery. On-board energy storage systems will be in higher demand, and a combination of batteries and EDLCs will increase the battery life cycle, explaining why EDLCs are viewed as a complement to Li-ion batteries for this market (Faggioli et al. 1999) . Currently, high price limits the use of both Li-ion batteries and EDLCs in large-scale applications (e.g. load levelling). But the surprisingly high cost of materials used for EDLCs is due to a limited number of suppliers rather than the intrinsically high cost of porous carbon. Decreasing the price of carbon materials for ECs would remove the main obstacle holding them back from wider use (Chmiola & Gogotsi 2007) .
What are the next challenges for EDLCs?
Although ECs can deliver/recover very high power peaks, today's limitation is clearly the energy density, which is about 5 Wh kg −1 for commercial devices. This energy density limits the use of supercapacitors to a few seconds, typically within the range of 1-5 s. Increasing the energy density up to 10 Wh kg −1 would lead to an increase of the time constant and open the supercapacitor market to a wider application range where high power delivery could be achieved up to 10 s and more. With this aim, two main research axes have been developed during the past 5 years.
The first route is to design so-called hybrid systems where one supercapacitor electrode is associated with a faradic electrode in organic or aqueous electrolyte. The AC/MnO 2 (Toupin et al. 2002; Fischer et al. 2007) or the AC/Ni(OOH) hybrid systems in aqueous electrolytes are being extensively investigated today. However, despite a good cyclability and an environmentally friendly electrolyte, energy density is not so greatly increased owing to the narrower voltage window (about 1.5 V). Li-based hybrid systems using organic electrolytes were firstly introduced by Amatucci's group (Amatucci et al. 2000) with the nanostructured Li 4 Ti 5 O 12 /AC system, which was one of the first to reach 10 Wh kg −1 with a high power density, thanks to the use of AN as a solvent of the electrolyte. One of the most recent examples is the Li-ion capacitor from the JM Energy company that combines a pre-lithiated graphite negative intercalation electrode to a positive AC electrode (JM Energy 2009). Using this design, energy density of 15 Wh kg −1 and a power density of 10 kW kg −1 have been achieved (JM Energy 2009), which is a real advance as compared with the standard symmetric carbon systems. However, using Li intercalation-based electrodes, such energy gain is generally obtained detrimentally to the cyclability at high depth of discharge in carbonate-based electrolytes. Accordingly, important research efforts are being directed towards the increase of the stability during long-term cycling in these hybrid systems.
The second route to improve the energy density of supercapacitors is to design carbons with optimized pore structure to increase their specific capacitance. This approach allows one to retain the symmetric carbon-carbon EDLC systems that guarantees a very high power density, very high cyclability and a low temperature operation. Initial research on AC was directed towards increasing the pore volume by developing high specific surface area (SSA) and refining the activation process ( §2a). However, the capacitance increase was limited even for the most porous samples. Realizing the importance of how this specific surface was created rapidly changed the situation, and research was then directed to the understanding of the relationship between the electrolyte ion size and the carbon pore size in trying to answer the basic question: what is the optimal pore size needed in the volume of AC grains to optimize charge storage at the carbon-electrolyte interface?
The pores, which are at the origin of the increase in the developed surface area, are usually created inside carbon particles during the activation treatment. Three different pore groups are defined by IUPAC (Sing et al. 1985) : micro, meso and macro pores with diameters less than 2 nm, between 2 and 50 nm, and more than 50 nm, respectively (figure 2b). These pores must be neither too big, to provide sufficient SSA (m 2 g −1 ), nor too small to host the solvated ions from the electrolyte (average size between 1 and 2 nm in organic electrolytes; Lin et al. 2009 ) during the capacitor charge-discharge. The first progress in this area was to formulate carbon materials with a pore structure adapted to the size of the solvated ions in order to optimize charge storage. This is how porous ACs have been developed, with a pore size centred on small mesoporosity (3 to 5 nm), i.e. about twice the size of the solvated ions to allow ion adsorption on both pore walls. The physical or chemical activation that is used to prepare the ACs does not allow the fine control of the PSD; therefore, new routes were created to prepare materials with fine-tuned pores, such as the 'template' route that revealed itself as particularly efficient (Fuertes 2003; Vix-Guterl et al. 2004; Fuertes et al. 2005) . Thanks to this technique, about 10-20% capacitance gains were obtained (up to 110 F g −1 in organic electrolytes).
If the above mentioned mesoporous carbons can be an alternative in terms of improving charge storage capacity, a major breakthrough was still to be found to drastically increase this capacitance. It is within this context that carbons with sub-nanometric pore size, such as carbide-derived carbons (CDCs; Chmiola et al. 2006) , come into play. They are obtained from metal carbides by chlorination at temperatures ranging from 200
• C to 1000
• C according to the following reaction:
This method allows the synthesis of carbons with a controlled pore size, since porosity originates from the leaching out of metal atoms M. By varying the temperature and duration of the process, TiC-derived carbons with porosity ranging from 0.6 to 1.2 nm were prepared. These carbons were firstly tested in an AN-based electrolyte containing 1 M NEt 4 BF 4 , for which the size of the solvated ions is 1.3 nm and 1.2 nm for (NEt + 4 -7ACN) and (BF − 4 -9ACN), respectively. The change of the gravimetric capacitance (F g −1 ) and the volumetric capacitance (F cm −3 ) versus the CDC pore size brings out two remarkable points. First, the values of the CDCs' gravimetric and volumetric capacitances are notably higher (140 F g −1 and 85 F cm −3 ) than those of commercial ACs measured under the same conditions (approx. 100 F g −1 and approx. 45 F cm −3 ), that is an increase of almost 100 per cent in the volumetric energy. Additionally, the change of CDC normalized capacitance (mF cm −2 ) versus the carbon pore size was quite unexpected (figure 3; Chmiola et al. 2006) . In figure 3 , the normalized capacitance was obtained by dividing the gravimetric capacitance (F g −1 ) by the SSA (m 2 g −1 ) for each of the tested samples. Down to a pore size of 1 nm, the normalized capacitance decreases simultaneously with the decrease of the pore size, following the traditional behaviour reported in the literature (dotted line). For pore sizes less than 1 nm, the normalized capacitance dramatically increases, contrary to what was expected. When the size of the pores is decreased to be smaller than the size of the solvated ions, the capacitance increases in obvious contradiction to traditional beliefs, which anticipated that mesopores with a size close to twice that of the solvated ions lead to the maximum specific capacitance. This figure clearly shows the very significant contribution of the sub-nanometric pores to the charge storage mechanism. The proposed hypothesis to explain this unexpected result is the distortion of the ion solvation shell and partial desolvation of the ions, which enables the ions to access pores of a size equal to or slightly larger than the size of the bare ion (Chmiola et al. 2006) . With the reduced distance (d) between the ion and the carbon surface, the capacitance increases according to equation (2.1). Recent results obtained in organic electrolytes confirm this hypothesis of the partial desolvation of the ions when entering small pores (Aurbach et al. 2008; Chmiola et al. 2008; Lin et al. 2009 ). The study of the electrochemical behaviour of these CDCs in ionic liquids revealed that in these solvent-free electrolytes, the maximum capacitance was achieved when the pore size was in the range of the ion size . Accordingly, it seems that we have to reconsider the way the charge is stored in these sub-nanometre pores where no diffuse layer can be formed, moving from the traditional Helmholtz model with ions adsorbed on each side of the carbon pore walls, as presented in figure 4a , to a situation where ions can be stacked into the pores along the pore axis (figure 4b). Recently, Meunier's group (Huang et al. 2008a,b) proposed some mathematical models to describe the ion adsorption on carbon with pore size from 0.5 up to 5 nm. They found that below 1 nm pore size, the ion adsorption could be described by an 'electrical wire in cylinder' model corresponding to ions aligned along the pore axis. Capacitance was calculated from the following equation:
where 3 r is the electrolyte dielectric constant, 3 0 is the dielectric constant of the vacuum, b is the pore radius and a 0 is the ion size in the pore. This model nicely matches with the normalized capacitance change versus pore size in zone I in figure 5 (Huang et al. 2008a,b; . In these conditions, the NEt + 4 and BF − 4 ion diameters inside the pores (a 0 ) were close to the bare ion sizes, confirming that at least partial desolvation was needed to access these small pores and leading to a capacitance increase according to equation (4.2).
Beyond the obtained results, the evidence of the strong contribution of the subnanometre (smaller than 1 nm) pores to the capacitive storage raises a number of questions for several reasons. First, it shows the limitations of fundamental understanding of ion adsorption and transport in nanoporous materials. It is very important to understand the physics of the ionic transport and the charge storage in confined pores that eliminate a diffuse layer. Also, these results have a direct consequence for applications since they demonstrate the interest in going from today's ACs to nanostructured porous carbons and other materials. A new generation of high-energy-density supercapacitors could result from this improved understanding, thus paving the way to applications in the field of transportation in gasoline and hybrid vehicles, in particular for use with Li-ion batteries. Decorating these nanoporous carbons with nanosized oxides, for instance manganese oxide (Fischer et al. 2007) , may lead to an additional pseudo-capacitance or the development of hybrid supercapacitors. . Symbols show experimental data for CDCs, templated mesoporous carbons and ACs, and curves show model fits (Huang et al. 2008a,b) .
Finally, these sub-nanometre porous materials can also be used as model materials to further investigate the influence of the pore size/solvated pore size ratio on the capacitance of the carbon double layers for improving our understanding of the ion transport in small pores for supercapacitors as well as other applications, such as water desalinization or medicine.
